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Imaging Ca2+ concentration changes at the secretory vesicle
surface with a recombinant targeted cameleon
Evaggelia Emmanouilidou*, Anja G. Teschemacher†, Aristea E. Pouli*,
Linda I. Nicholls*, Elizabeth P. Seward† and Guy A. Rutter*
Regulated exocytosis involves the Ca2+-triggered fusion
of secretory vesicles with the plasma membrane, by
activation of vesicle membrane Ca2+-binding proteins
[1]. The Ca2+-binding sites of these proteins are likely
to lie within 30 nm of the vesicle surface, a domain in
which changes in Ca2+ concentration cannot be
resolved by conventional fluorescence microscopy. A
fluorescent indicator for Ca2+ called a yellow ‘cameleon’
(Ycam2) — comprising a fusion between a cyan-emitting
mutant of the green fluorescent protein (GFP),
calmodulin, the calmodulin-binding peptide M13 and an
enhanced yellow-emitting GFP — which is targetable to
specific intracellular locations, has been described [2].
Here, we generated a fusion between phogrin, a protein
that is localised to secretory granule membranes [3],
and Ycam2 (phogrin–Ycam2) to monitor changes in
Ca2+ concentration ([Ca2+]) at the secretory vesicle
surface ([Ca2+]gd) through alterations in fluorescence
resonance energy transfer (FRET) between the linked
cyan and yellow fluorescent proteins (CFP and YFP,
respectively) in Ycam2. In both neuroendocrine PC12
and MIN6 pancreatic β cells, apparent resting values of
cytosolic [Ca2+] and [Ca2+]gd were similar throughout
the cell. In MIN6 cells, following the activation of Ca2+
influx, the minority of vesicles that were within ~1 µm of
the plasma membrane underwent increases in [Ca2+]gd
that were significantly greater than those experienced
by deeper vesicles, and greater than the apparent
cytosolic [Ca2+] change. The ability to image both
global and compartmentalised [Ca2+] changes with
recombinant targeted cameleons should extend the
usefulness of these new Ca2+ probes.
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Results and discussion
Ycam2 was targeted to the surface of large dense core
secretory vesicles (LDCVs, also termed secretory granules)
by fusion at the carboxyl terminus of the transmembrane
LDCV protein, phogrin (phosphatase on the granule of
insulinoma) [3] (Figure 1a). The chimaeric protein was
localised to LDCVs in PC12 (Figure 1b) and MIN6-β
(Figure 1c) cells as judged by comparison with the distrib-
ution of the cargo vesicle proteins, secretogranin II [4,5]
and insulin [6], respectively. Overexpression of the
cameleon had no significant effect on either basal or stimu-
lated exocytosis (Figure 1d). 
Activation of purinergic P2y and P2x receptors by ATP
treatment increased cytosolic [Ca2+] ([Ca2+]c) from
109 ± 35 nM to 389 ± 156 nM (n = 8 single cells), as moni-
tored by whole-cell epifluorescence measurements of fura-
2-loaded PC12 cells (Figure 2a). Excitation of the CFP
moiety of either untargeted or LDCV-surface-targeted
Ycam2 revealed similar changes in FRET during ATP
stimulation (Figure 2b), implying [Ca2+]gd changes from
close to 100 nm to the low micromolar range (assuming
that Ycam2 has an apparent Kd for Ca2+ of ~5 µM [2]).
When examined independently in four single PC12 cells,
untargeted Ycam2 revealed apparent resting values for
[Ca2+]c (as the ratio of fluorescence at 535 nm to 480 nm;
R535/480 value) of 1.75 ± 0.003 in the bulk cytosol, and
1.78 ± 0.02 in the region within ~1 µm of the plasma mem-
brane. These values are comparable to ratios obtained in
other cell types [2] and are consistent with a resting
[Ca2+]c of ~100 nM. In each of the four cells examined, a
transient increase in [Ca2+]c (seen as a decrease in fluores-
cent emission at 480 nm, and an increase at 535 nm) could
be detected beneath discrete regions of the plasma mem-
brane, and preceded a global [Ca2+]c increase (Figure 3a).
Nevertheless, maximal R535/480 increases achieved after
ATP stimulation were essentially identical beneath the
plasma membrane and in the bulk cytosol (10.6 ± 0.8%
and 11.9 ± 0.34%, respectively; n = 4 cells).
Single secretory granules (diameter 200–500 nm) could
readily be resolved within individual phogrin–Ycam2-
expressing PC12 cells (Figure 3b). Ratiometric imaging
revealed both the position of individual granules and
time-dependent changes in [Ca2+]gd surrounding each
granule. We distinguished between granules located close
to the plasma membrane (‘peripheral’ granules) and gran-
ules located more remotely from the plasma membrane
(‘deep’ granules). Detailed analysis of granules in two sep-
arate cells gave apparent resting [Ca2+]gd values that were
slightly lower than [Ca2+]c for peripheral granules
(R535/480 = 1.65 ± 0.03, n = 10 granules; p = 0.007 compared
with R535/480 for untargeted Ycam2 in this region, see
above), but indistinguishable from [Ca2+]gd for deep gran-
ules (R535/480 = 1.69 ± 0.03, n = 10 granules; p = 0.11 com-
pared with untargeted Ycam2 in the bulk cytosol, see
above). For granules within the single PC12 cell analysed
in Figure 3b, resting R535/480 values for peripheral and
deep granules were 1.57 ± 0.004 (n = 7 granules) and
1.59 ± 0.02 (n = 7), respectively. Stimulation with ATP
provoked a significantly greater increase in the R535/480 for
peripheral granules (6.79 ± 0.46%) than for deep granules
(2.46 ± 0.96%; p = 0.0031). 
MIN6 pancreatic β cells provide a model in which Ca2+
influx can be achieved with little mobilisation of intracellular
Ca2+ [7]. [Ca2+]c could be readily imaged after expression
of untargeted Ycam2 in these cells (Figure 4a). In individ-
ual resting MIN6 cells expressing untargeted Ycam2,
R535/480 values were not significantly different when
viewed over the whole surface of the cell (1.61 ± 0.03,
n = 4 cells) or in the region lying ~1 µm beneath the
plasma membrane (1.58 ± 0.05, n = 4). Plasma membrane
depolarisation with K+ [7], and activated Ca2+ influx, did
not result in any preferential increase in sub-plasma mem-
brane domain [Ca2+]c compared to bulk values (Figure 4a),
with maximal increases in R535/480 in these regions of
8.3 ± 5.9% and 8.5 ± 5.0% (n = 6 cells), respectively.
In MIN6 cells expressing the phogrin–Ycam2 chimaera
(Figure 4b), apparent resting values for [Ca2+]gd were
similar for granules irrespective of their position within the
cell, and not significantly different from values obtained
with untargeted Ycam2 (R535/480 values were 1.57 ± 0.054
and 1.62 ± 0.04 for peripheral and deep granules, respec-
tively; n = 17 granules, three separate cells). After stimula-
tion with KCl, however, granules within ~1 µm of the
plasma membrane underwent larger apparent increases in
[Ca2+]gd than deep granules (Figure 4b,c). Combining data
from three individual cells, 70 mM KCl provoked
increases in R535/480 values of 17.9 ± 3.3% and 11.2 ± 2.24%
for peripheral and deep granules, respectively (n = 17 gran-
ules in each case; p = 0.016). 
To confirm that the above differences did not represent
altered properties (that is, modified Kd values or maximal
R535/480 responses) when Ycam2 is targeted to peripheral
or to deep granules, or when free in the cytosol, we deter-
mined the effect of a gradual and relatively homogeneous
increase in [Ca2+]c provoked by mobilisation of intracellu-
lar Ca2+ (Figure 4d). Application of thapsigargin to block
the sarcoplasmic/endoplasmic reticulum Ca2+-ATPase [8]
caused essentially identical increases in R535/480 values for
peripheral and deep granules in MIN6 cells (increases
were 3.6 ± 0.4% and 3.3 ± 0.6%, respectively; n = 10 gran-
ules, three separate cells; corresponding values for untar-
geted Ycam2 were 2.2 ± 0.6% and 2.4 ± 0.7%, n = 2 cells).
After exposure to 10 µM ionomycin, R535/480 values were
increased by 11.04 ± 1.31% and 10.7 ± 2.9% for peripheral
and deep granules, respectively (n = 12 granules, two sep-
arate MIN6 cells). In PC12 cells, ionomycin increased
R535/480 values for peripheral and deep granules by
10.6 ± 1.4% (n = 15 granules, two cells) and 10.0 ± 1.2%
(n = 17 granules, two cells), respectively, compared with
corresponding values for untargeted Ycam2 of 14.6 ± 1.8%
and 10.9 ± 0.7% (n = 3 cells, not significant compared with
targeted Ycam2).
Using recombinant cameleons, we show that in MIN6
cells activated Ca2+ influx raised average [Ca2+]gd for gran-
ules located close to the plasma membrane significantly
more than [Ca2+]c in this region, and more than [Ca2+]gd
916 Current Biology, Vol 9 No 16
Figure 1
(a) Phogrin–Ycam2. The Ca2+-binding sites of the targeted Ycam2 are
predicted to be localised within 30 nm of the cytosolic surface of the
secretory granule [6]. ECFP, cyan-emitting mutant of GFP; EYFP,
yellow-emitting GFP; CaM–M13, fusion between calmodulin and the
calmodulin-binding peptide M13. (b,c) Subcellular localisation.
Phogrin–Ycam2 (green) colocalises with LDCVs in (b) PC12 cells and
(c) MIN6-β cells. Red fluorescence identifies secretogranin II expression
in (b) and insulin expression in (c); expression overlap is shown in
yellow. (d) Basal exocytosis (white bars) or exocytosis stimulated by
treatment with 50 µM ATP for 30 min (grey bars) measured as release
of human growth hormone (hGH) is unaffected by expression of empty
plasmid (pcDNA3), phogrin–Ycam2 or phogrin–GFP. Data are the
means of two separate experiments, which agreed to within 20%.
pcDNA3 Phogrin–
Ycam2
Phogrin–
EGFP
P
er
ce
nt
ag
e 
of
hG
H
 s
ec
re
te
d
Granule
membraneLumen Cytosol 
Phogrin ECFP EYFP
CaM–M13
(a)
(b)
(c)
(d)
0
   Current Biology  
5
10
15
20
EcoRI SalI NotI
for deep vesicles. This observation may reflect the direct
association of docked vesicles with Ca2+ influx channels
[9]; Ca2+-induced Ca2+ release (CICR) from peripherally
located endoplasmic reticulum [10]; and CICR from the
vesicle interior [11,12]. 
Our new observations refine our previous measurements
made with a phogrin–aequorin chimaera [7]. By imaging
individual vesicles, it is now apparent that a minority
(5–10% of the total cellular content) of vesicles, located
close to the plasma membrane, can experience elevated
[Ca2+]gd values with respect to local [Ca2+]c values. The
present data are thus compatible with recordings of
[Ca2+]c in polarised pancreatic acinar cells [13], for which
larger [Ca2+]c increases are provoked upon agonist stimu-
lation in the secretory pole, the location of the majority of
the secretory vesicles. 
Fusion of Ycam2 with phogrin is predicted to place the
Ca2+-binding sites of the calmodulin domain within
~30 nm of the vesicle surface (on the basis of the three-
dimensional structures of the tyrosine phosphatase domain
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Figure 3
Imaging [Ca2+] by monitoring subcellular
changes in FRET (R535/480) in PC12 cells
expressing (a) untargeted Ycam2 or
(b) phogrin–Ycam2. (a) Two adjacent cells
were stimulated with 50 µM ATP during
digital imaging (see Materials and methods).
Note the appearance of transient and
localised sub-plasma membrane [Ca2+]
increases in each cell (left panels, arrows).
A schematic illustration of the two cells is
shown next to the trace (top right), which
records the kinetics of ATP-induced R535/480
changes beneath the plasma membrane
(region 1, blue) and in a region further from
the membrane (region 2, red). The arrow in
the trace indicates the point of ATP addition.
The bar represents 6 sec. The times before
addition of ATP stimulus (in sec) are
indicated in each of the panels on the
extreme left. (b) [Ca2+]gd changes were
followed in two single granules within a
single phogrin–Ycam2-expressing PC12
cell, stimulated with ATP (50 µM, arrow).
Note the higher apparent resting [Ca2+]gd
and larger [Ca2+]gd increase for a granule
located close to the plasma membrane
(granule 5) compared with a more remotely
sited (deep) vesicle (granule 9). The bar
represents 30 sec. The histogram shows the
percentage increases in R535/480 for
randomly-selected peripheral (blue) and
deep (red) granules. Subcellular imaging
was performed on a Leica DM/IRBE inverted
epifluorescence microscope using a
Hamamatsu C4742-95 cooled charge-
coupled device camera (software by
Openlab, Coventry, UK).
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Fluorescence changes observed over the surface of single stimulated
PC12 cells (a) loaded with fura-2 or (b) in cells expressing untargeted
Ycam2 (red) or phogrin–Ycam2 (blue). Traces were obtained using a
photomultiplier/monochromator system (see Materials and methods)
under continuous perifusion and excitation at 458 nm (emission
> 510 nm). The free external [Ca2+] was < 25 µM. Data were
corrected for a gradual fluorescence loss through bleaching (< 1% per
min). The time bar represents 120 sec.
of phogrin [14] and of GFP [15]), which is the distance of a
few solvated ionic radii of Ca2+. Phogrin–Ycam2 thus pro-
vides a distinct advantage over (non-specifically) mem-
brane-targeted dyes such as fura-C18 (a lipophilic
derivative of fura-2) [16]. Furthermore, the ability to image
[Ca2+] with this and other targeted cameleons should allow
these tools to become the system of choice for imaging
[Ca2+] changes at the intact tissue and organ level though
transgenesis and multi-photon imaging [17]. 
Supplementary material
Additional methodological details are available at http://current-
biology.com/supmat/supmatin.htm.
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Figure 4
(a) [Ca2+]c changes in single MIN6 cells
expressing untargeted Ycam2. Data were
captured and analysed as described for
Figure 3. KCl (70 mM) was added at t = 0 sec
(arrow in the trace). The bar represents 3 sec.
Increases in [Ca2+] in the cytosol just below
the plasma membrane of the upper cell (blue
region in the schematic illustration at the
bottom) occurred more slowly than in a region
deeper within the cell (red). (b–d) Single
granule analysis of [Ca2+]gd changes in MIN6
cells expressing phogrin–Ycam2. (b) [Ca2+]gd
increases provoked with 70 mM KCl (arrow)
were larger for peripheral granules (region 1)
than for deep granules (region 2).
(c) Changes in R535/480 for three peripheral
(P) and three deep (D) granules in a second
MIN6 cell. (d) Effect of intracellular Ca2+
mobilisation with 600 nM thapsigargin (THAP)
or 10 µM ionomycin (in the absence of
external Ca2+) on R535/480 values for a
peripheral (P) and a deep (D) granule in a
single MIN6 cell. The bars represent 3 sec.
See the text for further details and statistics.
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Supplementary materials and methods
Phogrin–Ycam2 cDNA was constructed in two steps. Phogrin cDNA
[S1] was amplified (Expand Taq Polymerase, Roche) with forward primer,
5′-TTTTGAATTCGACGAGATGGGGCTACCGCTCCCG-3′ (EcoRI
site italicised), and reverse primer, 5′-TTTTGTCGACCCCTGGGGAAG-
GGCCTTCAG-3′ (SalI site italicised; the two extra base pairs, CC, after
the SalI site were to ensure in-frame fusion). The 3.01 kb PCR product
was digested and subcloned into pEGFP-N1 (Clontech). Ycam2 cDNA
was amplified with forward primer, 5′-TTTTGTCGACGCCACCATG-
GTG-3′ (SalI site italicised), and reverse primer, 5′-TTTTGCGGC-
CGCTTACTTGTACAGGTC-3′ (NotI site italicised). The amplified
1940 bp fragment was subcloned into phogrin–EGFP-containing
pEGFP-N1 vector (Clontech) after excision of EGFP (Figure 1). Cell
culture and transfection using Transfectam (Promega) [S2] or nuclear
cDNA microinjection [S3] were as described. For Fura-2 measurements,
cells were loaded for 30 min at 37°C with 5 µM Fura-2/AM (Sigma) in
Dulbecco’s modified Eagle’s medium, 2% (v/v) foetal bovine serum.
Whole cell fluorescence was monitored on a Zeiss Axiovert 100 micro-
scope, fitted with a × 40, 1.3 NA oil-immersion objective, under perifusion
with modified Krebs–Ringer bicarbonate medium comprising 125 mM
NaCl, 3.5 mM KCl, 1.5 mM CaCl2, 0.5mM MgSO4, 0.5 mM KH2PO4,
2.5 mM NaHCO3, 3 mM glucose, 10 mM HepesNa+, pH 7.4, equili-
brated with 95:5, O2:CO2. A monochromator (T.I.L.L. Photonics) was
used for excitation (340 and 380 nm alternately) and emission (above
450 nm) digitised with a Digidata 1200 A/D converter (Axon Instruments)
and sampled at 80 Hz approximately. [Ca2+]c values were calculated
[S4] after cell permeabilisation with ionomycin plus digitonin. Sub-cellular
imaging was performed on a Leica DM/IRBE inverted microscope, fitted
with a × 100, PL Apo 1.4 NA oil-immersion objective, 440 ± 15 nm exci-
tation filter (Omega Optical), 450 nm long pass dichroic mirror, 480 and
535 nm excitation filters mounted on an alternating wheel (LEP BioPoint).
Images were recorded using a charge-coupled device (CCD) camera
(Hamamatsu C4742-95) using software (Improvision) running on an
Apple Macintosh G3 Powerbook. Ratio images (535/480) were gener-
ated off-line. Immunocytochemistry was performed as described [S2]
after cell fixation with 4% paraformaldehyde, and using anti-secretogranin
II (gift of W.B. Huttner, Heidelberg) and monoclonal anti-insulin (Dako)
antibodies. Exocytosis from PC12 cells (~800,000 per well) co-trans-
fected with cDNA encoding human growth hormone (plasmid pXGH5,
1 µg) [S5] and expression or control plasmid (4 µg) was measured as
described previously [S6]. Data are presented as mean ± SEM for the
number of observations given in parentheses. 
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